abstract -280 words; 1,834 characters with spaces; main text -6,330 words; 41,109 characters with spaces; 5 figures, 2 tables; list of references includes 60 citations. peridotite. This implies that the old (older than ~1 Ga) ocean crust, which has more evolved radiogenic isotope compositions, was stirred into/reacted with the mantle so that there is not significant eclogite left, whereas younger recycled oceanic crust with depleted MORB isotopic signature (<1 Ga) can be preserved as eclogite, which when melted can generate reaction pyroxenite.
Introduction
Identification and mixing proportions of components contributing to the origin of mafic magmas is one of the major geochemical challenges in understanding the dynamics of the Earth's mantle. The presence of recycled oceanic crust in the Earth's convecting mantle White and Hofmann, 1982; Allègre and Turcotte, 1986 ) is now generally accepted.
The origin of the HIMU endmember (high μ = 238 U/ 204 Pb), one of four isotopic end-members in the mantle, is generally attributed to old (~2 Ga) recycled oceanic crust (Zindler et al., 1982; White, 1985; Zindler and Hart, 1986) . Mafic lavas with 206 Pb/ 204 Pb isotope ratios higher than normal midocean-ridge basalt (N-MORB) but lower than endmember HIMU that fall beneath the Northern
Hemisphere Reference Line (NHRL; after Hart, 1984) on the uranogenic Pb isotope diagram can be explained by the recycling of ocean crust for shorter time periods (<2 Ga; Thirlwall, 1997) . Sobolev et al. (2005 Sobolev et al. ( , 2007 proposed a method that allows the quantitative reconstruction of the amount of the recycled component in the ascending mantle. This method is based on the coherent variations of Ni and Mn in olivine phenocrysts, reflecting the relative contributions of the pure peridotite mantle and the recycled (eclogitic) component. In more detail, Si-rich melts formed during partial melting of eclogite, the high-P product of subducted oceanic crust, react with ambient peridotitic mantle, converting it to olivine-free pyroxenite. Partial melting of such "reaction" pyroxenite results in melts higher in Ni but poorer in Mn (and Ca) concentrations than melts generated from peridotite alone, because Ni and Mn (and Ca) behave differently during partial melting in the presence of olivine and pyroxene. Nickel is more compatible in olivine, while Mn and Ca preferentially partition into ortho-and clinopyroxene (e.g., Hart and Davis, 1978; Beattie et al., 1991 , Humayun et al., 2004 Wang and Gaetani, 2008) . Finally, a source consisting of different proportions of peridotite and pyroxenite will yield a "hybrid melt". The relative contributions of peridotite and pyroxenite can be inferred from Ni and Mn concentrations in olivine phenocrysts crystallized from this hybrid magma at shallower depths. If this basic assumption is correct, we would expect coherent relationships between chemical compositions of olivine phenocrysts (expressed in terms of Ni, Mn and Ca concentrations) and bulk rock compositions of the host lavas.
Using this approach, Sobolev et al. (2008) have recently shown that the enriched component at
Iceland is derived from ancient recycled ocean crust (eclogite forming reaction pyroxenite), whereas the depleted component is likely to be derived from a peridotitic MORB source.
The lavas from the Canary Islands, Spain ( Fig. 1) , are believed to be derived from decompression melting of a mantle plume carrying an isotopically enriched, HIMU-type component originating from recycled oceanic lithosphere (e.g., Thirlwall, 1997; Widom et al., 1999; Lundstrom et al., 2003; Gurenko et al., 2006) . The trace element and isotope geochemistry of mafic (MgO > 10 wt.%), low-silica (SiO 2 <46 wt.%) lavas from throughout the Canary Islands form arrays between a HIMU-like end-member and N-MORB, interpreted to reflect interaction of plume melts with depleted upper mantle (e.g., Hoernle et al., , 1995 , or mixing between older (HIMU-like) and younger (MORB-like) recycled oceanic crustal components either within the plume (Widom et al., 1999) or in upwelling asthenosphere (Geldmacher et al., 2005) .
Mafic high-silica (SiO 2 >46 wt.%) and evolved magmas erupted on the eastern Canary Islands (i.e., Lanzarote, Fuerteventura, Gran Canaria and Anaga Massif on Tenerife) also show evidence for the presence of enriched-mantle (EM)-type components (e.g., Hoernle et al., , 1995 Widom et al., 1999; Simonsen et al., 2000; Lundstrom et al., 2003) . This component not only occurs in rocks from the eastern Canary Islands, but also in the seamounts belonging to the older parts of the Madeira and Canary hotspot tracks and the southeast Cape Verde Islands, i.e. in the parts of the hotspot products closest to African and European continents, irrespective of the age of the volcanism. Therefore, in most models for the origin of the EM-type components, they are ultimately related to/derived from the continental lithosphere, whether this be in the form of crustal splinters beneath the islands/seamounts or recycled subcontinental lithospheric mantle incorporated in the upper mantle beneath the volcanic structures closest to the continents, i.e. within lithospheric mantle, uppermost asthenosphere directly beneath the lithosphere and/or deeper portions of the upper mantle, where it can be entrained by rising plumes (e.g., Gerlach et al., 1988; Hoernle et al., , 1995 Hoernle et al., , 2002 Widom et al., 1999; Geldmacher and Hoernle, 2000; Lundstrom et al., 2003; Doucelance et al., 2003; Escrig et al., 2005; Geldmacher et al., 2005 Here we present data on the compositions of olivine phenocrysts from the most primitive picritic to basaltic lavas from the shield stages of the four westernmost Canary Islands (going from east to west: Tenerife, La Gomera, La Palma and El Hierro). We demonstrate that the concentrations of Ni, Mn and Ca in olivine correlate with bulk rock Sr, Nd and Pb isotopic compositions of their host lavas, indicating that the "HIMU"-like component of the Canary plume is derived from a peridotitic source and the depleted component from a pyroxenitic component derived from younger (probably less than ~1 Ga) recycled oceanic crust.
Geological setting and studied samples
The Canary Archipelago (Fig. 1) has an unusually long magmatic history ranging from at least 20 Ma (possibly from the Late Cretaceous) in the eastern Canaries through 12−16 Ma in the central part of the archipelago to ca. less than 1 to 4 Ma on the westernmost islands, representing an age-progressive ~500 km long island chain (e.g., Abdel-Monem et al., 1971 , 1972 Schmincke, 1982; Guillou et al., 1996; Schmincke and Sumita, 1998) . Volcanic rocks from the Canary Islands display an exceptionally large compositional range, including tholeiites, alkali basalt through trachyte and peralkaline rhyolite, basanite and nephelinite through phonolite (Fúster et al., 1968; 6 Ibarrola, 1970; Hoernle and Schmincke, 1993 (Fig. 2) .
The arrays extend from MORB (or depleted, MORB-like source mantle, DMM) to the low-velocity component (LVC) with HIMU affinities, representing a common plume component found in intraplate volcanic rocks throughout the eastern Atlantic, western Mediterranean and Western
Europe (Hoernle et al., 1995) . Sobolev et al. (2005) for Hawaiian lavas and also for olivines world-wide (Sobolev et al., 2007) . It should be noted that although there is considerable overlap in the Ni contents for olivines from Tenerife, La Gomera and La Palma at a given Fo content, Ni in olivines from El Hierro are almost always higher at a given Fo content than for the other islands.
Results

Composition of olivine phenocrysts
Manganese strongly correlates with Fo contents ( mid-ocean-ridge and intra-plate basaltic rocks but are much lower than those in Ol from komatiites (for reference fields see Sobolev et al., 2007) . Since the concentrations of Cr are strongly controlled by the presence of residual garnet and/or spinel in the peridotite source (Sobolev et al., 2007 and reference therein), we conclude that the magma source rocks beneath the Canary Islands may contain varying proportions of garnet and spinel, as was demonstrated on the basis of petrologic data and major and trace element variations (Gurenko et al., 1996 (Gurenko et al., , 1998 (Gurenko et al., , 2006 .
In order to minimize the effects of Ol fractionation on Ni and Mn contents, we henceforth use Ni and Mn concentrations (given in ppm) normalized to FeO and MgO contents (in wt.%) (i.e., Ni×FeO/MgO and Mn/FeO) using the approach of Sobolev et al. (2007 Sobolev et al. ( , 2008 . These ratios do not 
Relationships between Ol composition and radiogenic isotopes
The (Hofmann, 2003) . The whole rock compositions of the lavas studied (Ce/Pb = 23.8-43.7, Nb/La = 1.0-1.4, Nb/U = 38.3-65.9 and Nb/Th = 9.4-17.6, except for one La Gomera sample with Nb/U = 78.3, probably reflecting U mobilization in this older sample) correspond to the field of typical MORB and OIB reported by Hofmann (2003) but extend to somewhat higher Ce/Pb values than those proposed for global MORB and OIB by Hofmann et al. (1986;  i.e., Ce/Pb = 25 ± 5), as is commonly observed in HIMUtype volcanic rocks.
Discussion
Evidence supporting the "reaction pyroxenite" model
The concentrations of Ni and Mn in early crystallized olivine crystals and coexisting melts were used initially to quantify the amount of recycled material in the Hawaiian plume (Sobolev et al., 2005 ) and subsequently to demonstrate that the amount of recycled component, though highly variable, appears to be significant in the sources of most mantle-derived magmas worldwide (Sobolev et al., 2007) . The approach is based on the remarkable decrease of Ni compatibility in the solid residue due to transformation of typical peridotite lithology (olivine + orthopyroxene + clinopyroxene ± garnet ± spinel) to olivine-free pyroxenite (clinopyroxene ± orthopyroxene ± garnet ± spinel) and coherent increase of Mn relative to Fe incompatibility in the olivine-free restite (Hart and Davis, 1978; Beattie et al., 1991 , Humayun et al., 2004 . parental magma, as shown by Sobolev et al. (2005 Sobolev et al. ( , 2007 . We, thus, assume that the magmas inherited their original and varying Ni during partial melting of peridotite-pyroxenite lithologies, as shown by Sobolev et al. (2005 Sobolev et al. ( , 2007 . /Fe 3+ ratios in spinels give a narrow range in oxygen redox states ranging from FMQ to NNO during magma fractionation (Gurenko et al., 1996 (Gurenko et al., , 1998 (Gurenko et al., , 2006 . Therefore, the effect of strongly varying redox conditions in the system can be ruled out.
(3) Similar to the large range in Ni and Mn concentrations, the large range of Ca concentrations (ca. 700 to 3000 ppm) and the absence of a clear correlation of Ca with Fo contents (Fig. S1 , Online Supplementary information) could also be considered as evidence supporting the "pyroxenite" model (Herzberg, 2006a; Sobolev et al, 2007) . As shown experimentally by Libourel (1999 and references therein) , the concentration of Ca in olivine is controlled not only by Fo content but, to a large extent, by melt composition, whereas oxygen fugacity, temperature and pressure do not directly affect Ca partitioning. As most of the lavas, except those from El Hierro, are picrobasalts with rather limited variations of alkalis, we do not believe that shallow depth crystallization processes could affect Ca concentrations in olivine from Tenerife, La Gomera and La Palma lavas. We also emphasize that the relatively low Ca concentrations in El Hierro olivines are not related to the basanitic composition of the host magma. Calcium in olivine appears to be sensitive to the amount of alkalis in the coexisting melt (Libourel, 1999) , so that olivine crystallized from more alkali-rich melts should be more Ca-rich. To the contrary, olivines from El Hierro basanites have the lowest Ca concentrations compared to those from less alkali-rich lavas from the other Canary Islands.
Furthermore, one lava from the La Palma shield (sample LP48) approaches basanitic composition but does not show any significant difference in Ca in olivine, as compared to other samples from La Palma ( Table 1) (Humayun et al., 2004) and thus this reaction may cause a coupled increase of Ni with decrease of Mn/Fe ratio in the melts. We therefore believe that the variations of Ni and Mn concentrations observed in olivine phenocrysts from the Canary Island shield stage magmas primarily resulted from varying peridotite to pyroxenite ratios in the magma source rather than from mixing and crystallization of a spectrum of silica-rich hybrid magmas as postulated in the model of Wang and Gaetani (2008) . Moreover, we emphasize that the effect of preferential partitioning of Ni in olivine due to increasing SiO 2 contents in equilibrium melt cannot explain the strongly varying and in part very high Ni×FeO/MgO ratios observed in olivine phenocrysts from El Hierro silica-undersaturated basanite lavas.
Source components involved in the Canary shield magmatism
A large number of isotopic studies have been carried out on the Canary Islands and related seamounts to assess the mantle components involved in forming the Canarian magmas (Sun, 1980; Cousens et al., 1990; Marcantonio et al., 1995; Thirlwall, 1997; Thirlwall et al., 1997; Hoernle, 1998; Widom et al., 1999; Simonsen et al., 2000; Geldmacher et al., 2001 Geldmacher et al., , 2005 Abratis et al., 2002; Lundstrom et al., 2003; Gurenko et al., 2006) .
These studies have identified three types of mantle components in the Canarian source, which can be broadly classified as HIMU-type (or LVC; Hoernle et al., 1995) , DMM (MORB-source) and EM type components (e.g. Zindler and Hart, 1986 Fig. 2c .
The HIMU-like component was called the low velocity component by Hoernle et al. (1995) because of its association with a sublithospheric low seismic velocity anomaly extending to depth. Thirlwall (1997) demonstrated that isotopic arrays similar to that formed by the La Palma, La Gomera and Tenerife shield lavas could be generated by young (<1 Ga) recycled ocean crust and therefore involvement of a depleted asthenospheric component is not necessarily required. Geldmacher and Hoernle (2000) proposed that the isotopically depleted but incompatible-element enriched Madeira basanites were derived from young (Paleozoic) recycled lower oceanic crust in the form of eclogite contained within the plume. In an Os isotope study of the 15 Canary and Madeira Islands, Widom et al. (1999) showed that the LVC end-member has 187 Os/ 188 Os between 0.14-0.15 and modeled the Pb and Os isotope data as a mixture of c. 25-35% recycled 1.2
Ga old oceanic crust with mantle peridotite. The depleted Madeira basanites were modeled as representing a mixture of ~70% depleted component (50% Paleozoic recycled ocean crust as eclogite and 50% depleted upper mantle peridotite) and ~30% LVC, whereas the most depleted Canary lava required a mixture of ~50% depleted component and ~50% LVC. Therefore the most isotopically depleted Madeira basanites were interpreted as being derived from a source containing ~45% (~10% 1.2 Ga and ~35% 0.5 Ga) and the depleted Canary sample ~40% (~15% 1.2 Ga and ~25% 0.5 Ga) recycled ocean crust (eclogite).
Isotopic composition of peridotite and pyroxenite constituents of the Canary plume
We apply the parameterization of Sobolev et al. (2008) peridotitic mantle with X px = 0 and reaction pyroxenite having X px = 1. The calculated amounts of the assumed pyroxenite melt are given in Tenerife, La Gomera, La Palma and El Hierro lavas form good correlations between their bulk rock isotopic ratios and inferred X px values (Fig. 5) , which were used for determination of isotopic compositions of peridotite and pyroxenite end-members. It is to be noted that the lavas with the most radiogenic Pb isotopic composition are formed through a mixture of ~70% peridotite and ~30% reaction pyroxenite (derived from eclogite), agreeing astoundingly well with the proportion of recycled oceanic crust or eclogite (25-35%) estimated from the Os and Pb isotopic data (Widom et al., 1999) . The depleted Hierro basanites can be explained as being derived from a mixture of ~25% peridotite and ~75% pyroxenite components, requiring probably somewhat more pyroxenite in the source than calculated from the Os and Pb isotope data (~45%). We note however that the amount of recycled crust in the source of the most depleted Canarian lavas based on the Os and Pb isotope data is critically dependent on the assumed age and composition (daughter element concentrations and parent/daughter and initial isotopic ratios) of the recycled oceanic crust. On the other hand, the amount of pyroxenite-derived fracion in the hybrid melt may not always be equal to the proportion of recycled eclogite/pyroxenite in the source because it strongly depends on the degree of partial melting of pyroxenite relative to peridotite.
Our results have important implications for the nature and possibly origin of the HIMU component in the Canary and possibly other plumes. The HIMU signature in OIB magmas is commonly attributed to the recycling of deeply subducted ancient oceanic crust in the form of eclogite through mantle plumes originating at the core-mantle boundary or D" layer (Morgan, 1971; Hofmann and White, 1982; Kellog et al., 1999; Albarède and van der Hilst, 1999) . Indeed, the roots of the Canary plume can be traced to the core-mantle boundary (Goes et al., 1999; Montelli et al., 2004 Montelli et al., , 2006 . The olivine chemistry, however, indicates that the HIMU-type component in the Canaries is not necessarily limited to the physical form of eclogite and/or reaction pyroxenite but can also be peridotite. A similar conclusion was reached independently by Herzberg (2006b) , who has shown that HIMU-type lavas from the Cook-Austral Islands melted from a peridotite source, since they contain low Ni and high Ca concentrations. Olivines crystallized from such magmas would also be expected to have low Ni and high Ca concentrations. Therefore, if the HIMU component is indeed derived from old (ca. 1.2 Ga; Widom et al., 1999) recycled oceanic crust (eclogite), then it must have been stirred into or reacted with ambient peridotitic mantle in the Canary source so that there is no significant eclogite left to create olivine free reaction pyroxenite.
Alternatively, our results could provide support for "peridotite-based" models that have been proposed to explain the origin of the HIMU component. Halliday et al. (1995) The inferred isotopic composition of the peridotitic end-member is very similar to that of LVC component proposed by Hoernle et al. (1995) Geldmacher and Hoernle, 2000) , indicating that the depleted end-member in the Canaries has a distinct composition from the depleted end-member on Madeira. This result is particularly interesting considering the homogeneity in the HIMU-type (or LVC) component sampled by intraplate volcanism throughout the eastern North Atlantic and the western Mediterranean and Europe, presumably derived from a well-mixed reservoir located at the core-mantle boundary, containing ancient recycled oceanic crust with an average age of ~1.2 Ga (Widom et al., 1999) . On the other hand, the depleted, young (<1 Ga; Widom et al., 1999; Geldmacher and Hoernle, 2000) eclogitic/pyroxenitic components appear to vary in age and composition regionally and therefore are most likely picked up by the plume during its ascent, possibly from the slab graveyard at 660 km (Goes et al., 1999) 2. At least two physically and chemically distinct components were involved in the partial melting to form the western Canary Islands: the first is peridotite with an isotopic composition similar to but with more radiogenic Pb than that of the low-velocity plume component proposed by Hoernle et al. (1995) and the second is pyroxenite/eclogite with a depleted, MORB-type composition.
3. This study demonstrates that the physical state of a recycled component involved in ocean island magmatism is not necessarily limited to the form of eclogite and/or pyroxenite but can also be present as peridotite only. The data presented in this study combined with published data from the Canary Islands shows that the HIMU-like (i.e., recycled, crustal) component was completely stirred back into the peridotitic mantle, which may be the general case for recycled crustal material with ages >1 Ga.
4. We ascribe the origin of the depleted pyroxenite component to the presence of young (<1 Ga) recycled oceanic crust in the Canary Island source.
5. We propose that short (less than ~1 Ga) recycling times for ocean crust can preserve both its eclogitic nature in the mantle source and the MORB-like isotopic composition of the longlived radiogenic isotope systems (e.g. Sr, Nd, Pb and Hf), whereas longer recycling times (>1 Ga) can result in the physical disappearance of the eclogite in the peridotitic mantle while allowing the long-lived radiogenic isotope systems to evolve to more radiogenic Pb (HIMU-like) compositions. A common characteristic of melts from both young and old 20 recycled oceanic crust are HIMU-like trace element characteristics (e.g. on multi-element diagrams). Finally we suggest that older recycled components may be stored at the coremantle boundary (D"), whereas younger recycled components may largely reside within the upper mantle. 
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